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ABSTRACT

The new and extreme population of gamma-ray bursts (GRBs) detected by the Fermi Large Area Telescope (LAT)
shows several new features in high-energy gamma rays that are providing interesting and unexpected clues into
GRB prompt and afterglow emission mechanisms. Over the last six years, it has been Swift that has provided the
robust data set of UV /optical and X-ray afterglow observations that opened many windows into components of GRB
emission structure. The relationship between the LAT-detected GRBs and the well-studied, fainter, and less energetic
GRBs detected by the Swift Burst Alert Telescope is only beginning to be explored by multi-wavelength studies. We
explore the large sample of GRBs detected by BAT only, BAT and the Fermi Gamma-ray Burst Monitor (GBM),
and GBM and LAT, focusing on these samples separately in order to search for statistically significant differences
between the populations, using only those GRBs with measured redshifts in order to physically characterize these
objects. We disentangle which differences are instrumental selection effects versus intrinsic properties in order to

better understand the nature of the special characteristics of the LAT bursts.
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1. INTRODUCTION

The field of gamma-ray bursts (GRBs) is undergoing dramatic
changes for a second time within the past decade, as a new
observational window has opened with the launch and success
of NASA’s Fermi Gamma-ray Space Telescope. While both
NASA’s Swift GRB explorer mission (Gehrels et al. 2004)
and Fermi are operating simultaneously, we have the ability
to potentially detect hundreds of GRBs per year (~1/3 of
which are triggered by Swift). This allows prompt observations
in the 15-150 keV hard X-ray band with the Burst Alert
Telescope (BAT; Barthelmy et al. 2005) and rapid follow-up in
the 0.3—10 keV soft X-ray band with the X-Ray Telescope (XRT;
Burrows et al. 2005) and the UV /optical band by the Ultraviolet
Optical Telescope (UVOT; Roming et al. 2005) on board Swift.
There is ~40% overlap between BAT triggers and triggers from
Fermi’s Gamma-ray Burst Monitor (GBM; Meegan et al. 2009)
allowing for coverage from 10 keV to 30 MeV, and a special
subset detected up to tens of GeV with Fermi’s Large Area
Telescope (LAT; Atwood et al. 2009). This wide space-based
spectral window is broadened further by ground-based optical,
near-IR (NIR), and radio follow-up observations.

In the last two years, the addition of the 30 MeV to 100 GeV
window from Fermi-LAT has led to another theoretical crisis,
as we attempt to understand the origin and relationship between
these new observational components and the ones traditionally
observed from GRBs in the keV-MeV band. Just as Swift
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challenged our theoretical models by demonstrating that GRBs
have complex behavior in the first few hours after the trigger
(Nousek et al. 2006), Fermi-LAT is regularly observing a new
set of high-energy components in a small very energetic subset
of bursts (Abdo et al. 2009a, 2009b, 2009¢, 2010; Ackermann
et al. 2010). The relationship between the >100 MeV emission
and the well-studied keV-MeV components remains unclear
(Corsi et al. 2010a, 2010b; Kumar & Barniol Duran 2010;
Razzaque et al. 2010; Zhang & Pe’er 2009; Ghisellini et al.
2010; Pe’er et al. 2010; Piran & Nakar 2010; Toma et al. 2011;
Wang et al. 2010).

The complicated Fermi-LAT prompt emission spectra do not
show simply the extension of the lower energy Band function
(Band et al. 1993), but rather the joint GBM-LAT spectral fits
can also show the presence of an additional hard power law
that can be detected both above and below the Band function
(Abdo et al. 2009a; Ackermann et al. 2010) in some cases. There
were earlier indications of this additional spectral component
in the EGRET-detected GRB 941017 (Gonzélez et al. 2003).
However, the rarity of EGRET GRB detections left it unclear
whether this was a common high-energy feature, or if special
circumstances in that GRB were responsible. This component
is too shallow to be due to synchrotron self-Compton (SSC) as
had been predicted extensively pre-Fermi (Zhang & Mészaros
2001; Guetta & Granot 2003; Galli & Guetta 2008; Racusin
et al. 2008; Band et al. 2009). The spectral behavior of the LAT
bursts appears to rule out the theory that the soft y-rays are
caused by an SSC or another inverse Compton (IC) component
(Ando et al. 2008; Piran et al. 2009).
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Fermi-LAT’s >100 MeV temporal behavior is different from
the lower energy counterparts observed from thousands of
GRBs. The LAT emission often begins a few seconds later
than the lower energy prompt emission, and sometimes lasts
substantially longer (up to thousands of seconds; Abdo et al.
2009a, 2009c; Ackermann et al. 2010). This so-called GeV
extended emission and the extra spectral power-law component
may be the same component, but the statistics in the extended
emission are limited and detailed spectral fits are often not
possible.

Several groups (Ghisellini et al. 2010; Kumar & Barniol
Duran 2010; de Pasquale et al. 2010) suggest that the high-
energy extended emission is caused by the same forward shock
mechanism (with special caveats for environmental density and
magnetic field strength) responsible for the well-studied broad-
band afterglows that have been observed for hundreds of other
GRBs. Alternatively, Zhang et al. (2011) and Maxham et al.
(2011) suggest that the >100 MeV emission during the prompt
emission phase is of internal origin and the later extended emis-
sion is of external origin. We can learn more about the mys-
terious new LAT components by studying the GRBs from a
broadband perspective, for which the early broadband after-
glow (specifically X-ray and optical) behavior is well stud-
ied. However, currently there is only one case of simultaneous
X-ray/optical/GeV emission in the minutes after the GRB—the
short hard GRB 090510, which was simultaneously triggered
upon Swift-BAT and Fermi-GBM and LAT (de Pasquale et al.
2010).

Despite the lack of simultaneous LAT and lower energy
observations in long bursts, we can still learn about the special
nature of the LAT bursts by studying their lower energy late-
time afterglow observations. In this paper, we utilize the large
database of Swift afterglow observations of BAT-discovered
bursts, and compare them to the simultaneous BAT/GBM
triggers, and the Swift follow-up of the LAT/GBM-detected
bursts, in order to learn about the properties of the different
populations of GRBs.

This paper is organized as follows: in Section 2 we discuss
the sample selection and data analysis, in Section 3 we discuss
the results and correlations apparent in the different samples, in
Section 4 we discuss the physical implications of our analysis,
and in Section 5 we conclude.

2. SAMPLE SELECTION AND ANALYSIS

In order to study the population differences between the
BAT-triggered sample, the GBM-triggered sample, and the
LAT-detected sample, we use all GRBs from these samples
with measured redshifts and well-constrained XRT and UVOT
light curves (at least four light curve bins and enough counts to
construct and fit an X-ray spectrum).

As of 2009 December, the Swift XRT and UVOT instruments
have observed afterglows of 439 bursts discovered by BAT,
as well as 81 bursts discovered by other missions. We now
have enough detailed observations of X-ray and UV /optical
afterglows from Swift to study them as a statistical sample,
and to attempt to separate observational biases from physical
differences in GRB populations. In this study, we included
afterglow observations of all GRBs discovered by Swift-BAT
between 2004 December and 2009 December (sample hereafter
referred to as BAT), with measured redshifts in the literature
(e.g., Fynbo et al. 2009) and well-constrained light curves and
spectra.
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Table 1
Sample Statistics
Sample XRT UvoT
BAT 147 49
GBM 19 11
LAT 8 5

Notes. The number of GRBs in each sample that meet our
selection criteria. For a GRB to be included in the UVOT sample,
observations in the u band are needed for normalization.

Unfortunately, the positional errors provided by GBM are too
large (several degrees) to facilitate Swift follow-up. Therefore,
the only afterglow observations we have of GBM-triggered
bursts are those that simultaneously triggered Swift-BAT and
meet all of the same criteria as the BAT sample (sample hereafter
referred to as GBM). We treat the GBM bursts separately from
the BAT sample and do not include them in both samples. The
GBM bursts have a much wider measured spectral range during
the prompt emission than the BAT bursts, and are therefore more
likely to provide an accurate measurement of Epe, and the Band
function parameters. From an instrumental perspective, BAT has
a much better sensitivity than GBM. Therefore, the GBM bursts
are biased toward higher fluence.

We also include the LAT-detected, GBM-triggered GRBs
that have been localized by XRT and UVOT in follow-up
observations (sample hereafter referred to as LAT). The LAT
position errors for those GRBs for which follow-up was initiated
were ~3'—10' radius. Those GRBs with initial position errors
that were significantly larger than the XRT field of view (FoV)
have not been followed up by Swift. The LAT sample includes
the one BAT/GBM/LAT simultaneous trigger (GRB 090510),
and the remaining LAT-detected GRBs that BAT did not observe
(i.e., were outside the BAT FoV at trigger). There has been
follow-up of 10 out of 24 LAT-detected GRBs (as of 2011
March) with position errors small enough to initiate the target
of opportunity observations. However, (with the exception of
the joint BAT/GBM/LAT trigger) these follow-up observations
began at a minimum of 12 hr after the trigger, and in some
cases, did not begin until 1-2 days post-trigger. Despite this
impediment, 8 of 10 LAT GRBs were detected by XRT, and 7
of 10 by UVOT (5 in the u band, see Section 2.2).

The breakdown of GRBs in each of the XRT and UVOT data
sets for the BAT, GBM, and LAT samples are given in Table 1.
Individual bursts are included in only one of the BAT, GBM, and
LAT samples, depending on their detection by one, two, or all
three instruments. In the following sections, we describe the data
analysis of the follow-up X-ray and UV /optical observations,
as well as the methods and sources for obtaining y-ray prompt
emission spectral fits and fluences.

2.1. X-Ray

The X-ray light curves and spectral fits were obtained from
the XRT team repository (Evans et al. 2007, 2009). We fit and
characterized all of the light curves using the methods of Racusin
et al. (2009). Each count-rate light curve was fit with the best-
fitting model of either a power law, broken power law, double
broken power law, or triple broken power law, after time periods
of significant flaring were manually removed.

We convert the count-rate light curves to flux light curves
based on a single counts-to-flux conversion factor obtained
from the photon counting mode spectral fit. In order to
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Figure 1. X-ray (0.3-10 keV) afterglow rest-frame luminosity light curves for

all of the long (top panel) and short (bottom panel) GRBs in our samples. The

BAT, GBM, and LAT GRBs are indicated by the different colors. Note the

clustering of the LAT light curves compared to the BAT and GBM samples in

the top panel.

(A color version of this figure is available in the online journal.)

physically characterize the afterglows, taking advantage of the
redshift information, we convert flux to luminosity and apply
a k-correction using the following formalism from Berger et al.
(2003a):

L (t) = 4w D} Fo(t) (1 + 7)1, (1

where L,(¢) is the 0.3—-10keV luminosity at time ¢ seconds
after the trigger; F, is the 0.3—-10keV flux at time #; Dy
is the luminosity distance assuming cosmological parameters
Hy = 71kms™! Mpc_l, Q,, =0.27,and Q) = 0.73; «, is the
X-ray power-law temporal decay at time #; and S, is the spectral
energy index at time #. The X-ray luminosity light curves in
rest-frame time for both the long and short bursts, for all three
of our samples, are shown in Figure 1.

The X-ray spectra were also taken from the XRT team
repository. Evans et al. (2009) describes how the spectra are
extracted and fit to absorbed power laws, with two absorption
components (Galactic and intrinsic at the GRB redshift). The
spectral power-law index (I') is converted to the energy index
viag =T — 1, where F, = %y =P

2.2. UV/Optical

The UV /optical light curves were obtained from the second
UVOT GRB catalog (P. Roming et al. 2011, in preparation) and
combined such that the 5" extraction region light curves were
used at count rates >0.5counts s~!, and 3" extraction region
at lower count rates. We combined the UVOT seven filter light
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curves (where available and detected) using the methods of
Oates et al. (2009) in order to obtain the highest signal-to-noise
light curves. This involves first normalizing the individual filter
light curves for each GRB to a single band, then combining and
rebinning. We chose to normalize all of the UVOT light curves
in this study to the UVOT u band in order to optimize the number
of LAT GRB afterglow light curves that could be used in this
comparison, because that was the most commonly used filter for
the LAT burst follow-up. Note that although seven of the Swift
followed-up LAT bursts were detected by UVOT (compared to
eightby XRT), we could only obtain detailed u-band light curves
for five. The others (GRB 090323 and GRB 100414A) were only
detected in the white filter, which cannot be normalized to the
u band without knowing the shape of the optical spectrum, and
also cannot be easily used to extract luminosity information
because of the flat wide transmission curve of this filter. Note
that GRB 080916C was detected by XRT, but not UVOT, which
is consistent with the redshift (z = 4.35; Greiner et al. 2009).
We convert the UVOT count-rate light curves from observed
count rate to flux via the average GRB u-band conversion factor
provided by Poole et al. (2008). We also correct for Galactic
extinction, and correct for host galaxy extinction by fitting
broadband (XRT and UVOT) spectral energy distributions
(SEDs) choosing the best-fit dust model (MW, Large Magellanic
Cloud (LMC), Small Magellanic Cloud (SMC)) for each burst
using the methods of Schady et al. (2010). The conversion from
flux to luminosity is similar to that of the X-ray luminosities
given in Equation (1). Using the optical spectral index from the
SEDs, we calculate the u-band k-corrected luminosity as

Lo(t) = 4w D3 F,(t) (1 + 7)1, (2)

where F, = t~%v~P and F, is the u-band flux at time z.

We fit the count-rate light curves in a similar manner to that
of the X-ray light curves, except that we allow an additional
constant contribution to the power-law fits to account for the
flattening occasionally observed in UVOT light curves. This
flattening can be due to either host galaxy contribution or nearby
source contamination. By simply allowing the fit to include this
extra constant, we can subtract it off and extrapolate the power-
law fit to the time of interest.

The u-band rest-frame luminosity light curves for the short
and long bursts for each of our BAT, GBM, and LAT samples
are shown in Figure 2. The light curve shapes have not been
altered to adjust for the extra constant.

2.3. y-Ray

Due to the different y-ray instruments used to detect the
GRBs in our samples, observational biases cause much of the
differences between these samples. Likely the only differences
between the GBM and BAT samples are related to the larger and
harder energy range of the GBM, and the superior sensitivity of
the BAT. However, Swift has had 6.5 years to collect a sample of
GRBs with a wide range of spectral properties and brightness.
This is reflected in the ranges of the X-ray and UV /optical
afterglow light curves. The LAT sample, on the other hand,
although a subset of the GBM sample, has inherent differences.
Fifty percent of the GBM bursts occur within the LAT FoV,
but only a small fraction (<5%) are detected. For the LAT
to detect a GRB, the prompt emission must have a very high
fluence. The factors that may contribute to the high fluence in
the 30 MeV-100 GeV bandpass include the spectrum peaking
at relatively high energies, the spectrum having a very shallow
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Figure 2. u-band normalized afterglow rest-frame luminosity light curves for
all of the long (top panel) and short (bottom panel) GRBs in our samples. The
BAT, GBM, and LAT GRBs are indicated by the different colors.

(A color version of this figure is available in the online journal.)

Bpand index, and the presence of an additional hard power-law
component (as has been detected in several LAT bursts).

In Section 3.5, we discuss burst energetics based upon
observations and limits from afterglow light curves. The prompt
emission spectral fits used in these calculations were obtained
from several sources. The BAT spectral fits and fluences come
from the second BAT GRB catalog (Sakamoto et al. 2011).
The GBM spectral fits come from either individual burst papers
in the literature, or GCN circulars. Fluences were recalculated
from these fits in several different bandpasses for the calculation
of E, i and prompt emission fluence ratios.

3. RESULTS

Using our compiled luminosity rest-frame light curves and
SEDs, we explored various parameters for differences and
similarities between the BAT, GBM, and LAT burst populations.
The goal was to determine whether the LAT-detected GRBs
are fundamentally different from the normal BAT and GBM
samples, or whether they are simply the extreme cases.

Unfortunately, except in the case of the short GRB 090510,
we do not have any early afterglow observations of the LAT
bursts; therefore we limit measurements to times for which all
data sets are available. One day after the trigger in the rest frame
is within the BAT, GBM, and LAT observations, though we also
compare some properties at 11 hr (a standard observed frame
time used in other papers including de Pasquale et al. 2006 and
Gehrels et al. 2008). For the cases of Swift bursts, when no
data are available at this time, we extrapolate from the earlier
power-law decay index.

RACUSIN ET AL.
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Figure 3. Temporal and spectral decay indices at 1 day in the rest frame
interpolated from the X-ray (top panel) and optical (bottom panel) afterglow fits.
The scatter plots and histograms show that there are no noticeable differences
between the BAT, GBM, and LAT populations.

(A color version of this figure is available in the online journal.)

3.1. Temporal and Spectral Indices

Using the light curve fits described in Sections 2.1 and 2.2,
we collect the power-law decay indices at a rest-frame time of
1 day. Typically this is the decay index in the normal forward
shock phase (post-plateau, pre-jet break) in the X-ray light
curves (Zhang et al. 2006; Nousek et al. 2006; Racusin et al.
2009). In the cases where the light curves end prior to 1 day
(rest frame), we take the final decay index. The UV /optical
light curve behavior observed by UVOT has a different early
morphology, often with an initial rise followed by a shallow
decay and occasionally later steepening (Oates et al. 2009).
Oates et al. (2009) observed that the distribution of «, after
500 s (post-trigger) is similar to o, during the plateau phase,
suggesting that the optical afterglows are also affected by energy
injection at early times, or their temporal profile deviates due to
a break (e.g., cooling break) between the two bands.

Similarly, we also extract the X-ray and optical spectral
indices (B, and f,), and plot them against the temporal indices
in Figure 3. There is significant scatter in both the temporal and
spectral properties, and no significant correlation.
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Table 2
K-S Test Probabilities
Parameter BAT-GBM BAT-LAT GBM-LAT
Long bursts

oy 0.78 0.14 0.54
o 0.93 0.44 0.63

B 0.95 0.59 0.87

Bo 0.63 0.27 0.16

z 0.55 0.95 0.76
Ay 0.33 9.0 x 1072 6.8 x 1072
Nu 0.31 0.64 0.76
Nu/Ay(x10%1) 0.19 53 x 1073 3.0 x 1072
Ly1in® 0.27 2.2 x 1073 5.3 x 1072
L1 day® 0.36 1.2x 1072 0.18
Loatn® 0.38 0.29 4.8 x 1072
Lo, 1day® 0.44 0.21 7.8 x 1072
Ey iso 0.39 1.3x 1073 1.4 x 1072
0; 0.15

Y 4.7 x 1072

Notes. Probabilities of the two distributions being drawn from the same parent
population from K-S tests. Small values indicate significant differences between
the samples. Dashes indicate that there were not enough (>2) bursts that fit
relevant criteria to perform a K-S test. Only long burst statistics are included
here because there were not enough short hard bursts to perform K-S tests on
the GBM and LAT populations.

2 Rest-frame time.

We note that ¢, is systematically lower than «, at 1 day in
the rest frame, though many of the UVOT light curves were
extrapolated from earlier observations to their expected later
behavior assuming no breaks.

There is little correlation in either the X-ray or optical tempo-
ral and spectral indices, as expected (given the variety of possible
closure relations; Racusin et al. 2009). From these distributions,
one can see that there are no noticeable differences between the
BAT, GBM, and LAT populations. Kolmogorov—Smirnov (K-S)
tests confirm that there are no statistically significant differences
between the populations in these measurements (Table 2).

3.2. Redshift

Redshift is another physical quantity that we can evaluate
for each of our GRB populations, with separation into short and
long populations. Jakobsson et al. (2006; later updated by Fynbo

RACUSIN ET AL.

102 T T T T

107" 10° 10’
A

)

102
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(A color version of this figure is available in the online journal.)

et al. 2009) showed that Swift GRBs are on average at a higher
redshift (~2.2 versus ~1.5) than pre-Swift populations, likely
due to the superior sensitivity of the Swift-BAT and softer energy
range than previous instruments. It would therefore follow that
the GBM and LAT redshift distributions may be different. Of
course these are instrumental selection effects, and as we will
discuss in Section 3.4, the LAT bursts tend to have brighter
optical afterglows than BAT bursts, and therefore are more likely
to have redshift measurements of their optical transients.

With our limited statistics, there are no significant differences
(measured with K-S tests, Table 2) between the redshift distri-
butions of the BAT, GBM, and LAT populations as illustrated
in Figure 4. However, these are not independent samples, as
the GBM bursts were all also detected by BAT and localized
by XRT/UVOT, and these are only the brightest, best localized
LAT bursts. Despite these caveats, there is no evidence of any
differences in redshift distributions.

3.3. Environment

Using the parameters from the SED fits, we can constrain
measurements of the X-ray absorption (Ny), or approximate
gas content, and the optical extinction (Ay), or approximate
dust content, in order to learn about the GRB environments.
After we remove the Galactic absorption and extinction con-
tributions, these quantities probe the environment around the
GRB progenitor and along the line of sight. Figure 5 demon-
strates these extinction and absorption measurements separated
into the BAT, GBM, and LAT samples. While a K-S test (Ta-
ble 2) does not show any significant differences between the
populations in either Ny or Ay, the small number of LAT bursts
for which we could make these measurements tends toward
lower values of Ay with moderate values of Ny.

The crude gas-to-dust ratios (Ny/Ay, Figure 6) for each
of the different best-fit dust models (MW, LMC, SMC) show
two features that might distinguish the LAT bursts: the LAT
bursts are all best fit by the SMC extinction law, and they
tend toward high values of the gas-to-dust ratio. Since many
of the Ay measurements of the LAT bursts are upper limits,
this makes the corresponding Ny /Ay ratios lower limits, which
would only further distinguish the LAT bursts. Due to the low
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Figure 6. Ny /Ay or gas-to-dust ratio for all of the GRBs in the BAT, GBM, and
LAT samples for the three best-fit dust extinctions models (MW, LMC, SMC)
for each GRB.

(A color version of this figure is available in the online journal.)

Ay values (even Ay = 0) of the LAT bursts, they can be
fit by any of the three extinction laws equally well (Schady
et al. 2010). The gas-to-dust ratio intrinsically depends on
several factors including the original pre-GRB environmental
ratio of gas-to-dust and the amount of dust destruction and
photoionization during the GRB event in close proximity to
the bursts. Properties of the GRB itself such as amount and
spectrum of the energy output influence the alteration of the
environment. Therefore, understanding differences in the final
gas-to-dust ratio is clouded by these factors, which makes it
difficult to distinguish between properties of the environment
and the GRB itself. This measurement is also model dependent
and can be biased by assumptions about the spectral model.
Regardless, the LAT bursts appear to have little to no dust along
the line of sight compared to the GBM and BAT bursts.

At this time, there are insufficient statistics on the gas and
dust content of the LAT bursts to draw any strong conclusions
from this sample. Further study with more objects and broader
band data are needed to distinguish any strong environmental
differences between these populations.

3.4. Afterglow Luminosity

The luminosity light curves in Figures 1 and 2 reveal several
interesting observational and possibly intrinsic differences be-
tween the BAT, GBM, and LAT populations. The GBM and to
a higher extent LAT X-ray afterglows are clustered much more
than the BAT afterglows. From an instrumental perspective, BAT
is more sensitive to detecting faint GRBs than GBM; therefore,
having a wider and fainter distribution of X-ray afterglows (that
correlates with prompt fluence; Gehrels et al. 2008) is reason-
able. However, due to the correlation between y -ray fluence and
X-ray flux, with the LAT GRBs having comparatively extreme
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Figure 7. Histograms of X-ray (0.3—10 keV, left column) and optical (u band,
right column) instantaneous luminosity at times of 11 hr (bottom row) and 1 day
(top row) in the rest frame of each GRB, with the long bursts (top panel) and
short bursts (bottom panel) separated. Note that the LAT long burst population
luminosities are larger on average than that of the other samples, but are not at
the very bright end of the distribution.

(A color version of this figure is available in the online journal.)

fluences (Swenson et al. 2010; Cenko et al. 2011; McBreen et al.
2010; Ghisellini et al. 2010), we would have expected the LAT
GRBs to be at the bright end of the X-ray afterglow distribution.
This distribution is present in all permutations of these light
curves (count rate, flux, flux density, luminosity), so it is not an
effect of one of our count rate to flux, flux density, or luminosity
correction factors.

This unexpected distribution is shown more clearly in the
histograms of Figure 7, demonstrating a cross section of the
luminosity at 11 hr and 1 day in the rest frame of each GRB.

3.5. Energetics

With this large sample of X-ray and optical afterglows, red-
shifts, and simple assumptions about the environment and phys-
ical parameters, we can estimate the total isotropic equivalent
y-ray energy output in a systematic way over the same energy
range for all of the GRBs in our samples. Despite the fact that
we do not have accurate measurements of Epeqx for most of the
BAT bursts, we can estimate both Eyca (using the power-law
index correlation from Sakamoto et al. 2009), and either es-
timate the Band function or cutoff power-law parameters, use
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(A color version of this figure is available in the online journal.)

typical values, or use measurements from other instruments
with larger energy coverage (e.g., Konus-Wind, Fermi-GBM,
Suzaku-WAM) especially if they have constrained Epe,. Using
the assumed spectrum for each GRB and the measured redshift,
we integrate over a common rest-frame energy range (Amati
et al. 2002) of 10 keV to 10 MeV as

477 D% 10MeV/(1+z)

y,iso =
(I'+2) Jiokev/(1+2)

EF(E)dE. 3)

The functional forms and assumptions are described in more
detail in the Appendix of Racusin et al. (2009). Using this
method, we infer a reasonable value of E, j;, for each GRB
in a systematic way.

Ghisellini et al. (2010) and Swenson et al. (2010) established
that LAT GRBs include some of the most energetic GRBs ever
detected. On average, the LAT GRBs have isotropic equivalent
y-Tay energy outputs (E, js,) that are 1-2 orders of magnitude
larger than that of the Swift bursts (Figure 8). Given the well-
known correlations between Epe, and Ey, ;5 (Amati et al. 2002;
Amati 2006), and the hardness of LAT GRB spectra required
for them to be detected by LAT at all, their large E,, ;;,’s are not
surprising.

This suggests to us that LAT is preferentially detecting ex-
tremely energetic GRBs compared to previous GRB experi-
ments. The sensitivity, large FoV, and large energy range of LAT
make it especially sensitive to hard bursts. While the physical
origin of the Amati relation is not well understood, the energetic
LAT bursts seem to qualitatively follow the same relationship.

Applying our characterizations of the optical and X-ray light
curves and SEDs to the energetics, we can infer jet half-opening
angles and collimation-corrected y-ray energy outputs (E, ), or
limits when all observations were either pre- or post-jet break.
Again, the methods used in these calculations and jet-break
determination are described in detail in Racusin et al. (2009).
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Using the XRT and UVOT data alone, most of the LAT GRB
afterglow light curves (exceptions discussed below) are best
characterized by single power laws, with relatively flat slopes
(aox < 1.8), with the exception of the poorly sampled GRB
100414 A which may have had a break in the large gap between
observations, and the short GRB 090510 which shows an early
break to a steep decay—a behavior suggestive of a “naked”
short hard burst (Kumar & Panaitescu 2000) that indicates the
turnoff of the prompt emission in a low-density environment
with either an afterglow too faint to detect or no afterglow at all.
However, de Pasquale et al. (2010) discussed the possibility that
the break in the optical and X-ray light curves of GRB 090510
at ~2000 s is an early jet break, rather than a naked afterglow
(i.e., steep falloff is either high-latitude emission or post-jet
break). The following calculations use the jet break assumption,
but we recommend caution when examining the energetics of
this GRB.

The LAT optical light curves, where sampled well, show
shallow behavior or contamination at late times by the host
galaxy or nearby sources. This is consistent with the idea that
most of the LAT afterglow observations are pre-jet break (with
the exceptions noted above). Several recent papers (McBreen
et al. 2010; Cenko et al. 2011; Swenson et al. 2010) suggest
that when using other broadband observations (including deep
late optical /NIR observations), some of these bursts do hint at
jet breaks, but the Swift data alone are insufficient to constrain
jet breaks. We will discuss the differences in jet breaks and
energetics between this paper and those of McBreen et al.
(2010), Cenko et al. (2011), and Swenson et al. (2010) further
in Section 4.

If we assume all of the LAT GRBs are pre-jet break (except for
GRB 100414A, which may be post-jet break, and GRB 090510,
which may include a jet break), and we determine the presence of
jet breaks in the X-ray afterglows of the BAT and GBM samples
using the criteria from Racusin et al. (2009), we can evaluate
the jet opening angles and collimation-corrected energetics as a
function of these populations, as shown in Figure 9.

For those GRBs with only lower limits on the jet break times,
we use the time of last detection to determine the lower limit
on 6;, and therefore also E, . As demonstrated in Racusin et al.
(2009), there are several different characteristic times for which
one can place limits on jet breaks, and the large error bars on
late-time light curve data points can mask jet breaks (see also
Curran et al. 2008). However, for Figure 9 we simply use the
time of last detection.

4. DISCUSSION

We have shown that there are observational differences
between the BAT, GBM, and LAT samples throughout the
previous sections. However, the difficulty lies in separating out
the instrumental selection effects from the physical differences
between GRBs that produce appreciable >100MeV emission
and those that do not.

The median and standard deviation of the distributions of the
many observational parameters discussed in the previous and
following sections are presented for each sample in Table 3.

In the following section, we will explore physical explana-
tions for the observable parameter distributions including a cal-
culation of the radiative efficiency and speculate on the origin of
the afterglow luminosity clustering. We also will compare and
contrast the other recent studies of the broadband observations
of the LAT bursts.
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(A color version of this figure is available in the online journal.)

4.1. Radiative Efficiency

Our first attempt to explore the underlying physics is by
calculating the radiative efficiency of the GRBs at turning their
kinetic energy into radiation during the prompt emission. We
follow the formulation of Zhang et al. (2007), which derives
the kinetic energy (E}) from the X-ray afterglow observations,
and by comparing the y-ray prompt emission output we can

RACUSIN ET AL.
estimate a radiative efficiency:

E .
n= ELSO’ 4)
y,iso + Ek

where E} depends on the synchrotron spectral regime (Sari et al.
1998; v > v, orv < v.) as

_ VFv 4/(p+2)
Eswov = 52 x 104 ergs—! cm—2

> D%(pﬂ)(l +Z)71t‘(i3pf2)/(17+2)

X (14 YY) fod/(ps2 DI+

4(1=p)/(p+2) 2(p—2)/(p+2)
Xée,qp/p vlép /(p 5)

E vF, 4/(p+3)
k2v=re = {65 x 10~ Bergs ! em2
% Dgé(p+3)(1 +Z)—lt3(p—1)/(p+3)

« f74/(p+3) 67(p+1)/(p+3)

4(1 )/ (p+3) n=2/p+3),, 2(17 3)/(p+2) 6)

X € e,—1

All subscripts indicate the convention X, = X/10" in cgs units.
Dy is the luminosity distance in units of 10?® cm, #; is the
time of interest in units of days, p is the electron spectral index
derived from the spectral index ,, where

:{2,8x+1 V< Ve )

2Bx V> Ve

and
p— 2 (p—1)
f, =6.73 <p 1) (3.3 x 1070P=2I2 (8)

We make several simplifying assumptions including using a
single typical value fore, = 0.1, €3 = 0.01,and n = 1 cm~> as
well as ignoring IC emission (Y = 1). Unlike Zhang et al.
(2007), we do not determine the kinetic energy (E;) at the
deceleration time or the break time, because we do not have
the temporal context of the shallow decay phase (the earlier or
later canonical phases) in many bursts, including the LAT bursts.
Instead, we calculated n at observed times of 11 hr and 1 day, but
only if there was evidence from the light curve morphology and
decay slopes of those measurements being during the normal
decay (forward shock) phase (Zhang et al. 2006; Racusin et al.
2009). The efficiency did not change significantly between these
two times, but more GRB X-ray afterglows were in the normal
decay phase at 11 hr than at 1 day. Therefore, the 11 hr results are
plotted in Figure 10. We determined whether a particular X-ray
afterglow was above or below the cooling frequency (v.) using
the closure relations and assuming the simplest cases (p > 2,
ISM or wind environments, slow cooling, no energy injection),
similarly to Zhang et al. (2007).

Figure 10 demonstrates the relationship between the kinetic
energy and the y-ray prompt emission with the range of radiative
efficiencies indicated. Only 69 GRBs are included in this plot.
The rest of our sample were excluded either due to not having
sufficient information to measure E, i, not satisfying the
relevant closure relations, lack of a clear normal forward shock
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Table 3

Parameter Population Characterizations
Parameter BAT Long GBM Long LAT Long BAT Short GBM Short LAT short
oy 1.46(0.56, 130) 1.43(0.35, 18) 1.58(0.38,7) 1.50(0.82, 12) 1.22 2.19
o 1.21(0.76, 46) 1.11(0.35, 10) 1.29(0.59, 4) 0.72(0.39, 3) 1.56 1.01
Bx 1.08(0.37, 130) 1.02(0.18, 18) 0.90(0.25,7) 0.96(0.34, 12) 1.14 0.79
Bo 0.74(0.24, 48) 0.75(0.29, 13) 1.11(0.47, 4) 0.70(0.14, 3) 0.88 0.77
z 2.21(1.35, 130) 2.06(1.88, 18) 2.12(1.36,7) 0.71(0.65, 17) 1.37 0.90
Ay (mag) 0.32(0.28, 44) 0.48(0.35, 12) 0.11(0.13, 3) 0.32(0.20, 2) 0.40 ...
log Nig (cm™2) 20.87(2.95, 130) 21.22(2.53,18) 19.52(3.27,7) 21.17(0.45, 12) 21.26 20.95
log Ly 11ne (erg s™) 45.06(0.83, 120) 45.28(0.39, 17) 45.72(0.24,7) 43.26(2.14, 12) 45.00 42.82
log Ly 1day (erg s7h 44.62(0.89, 106) 44.87(0.40, 15) 45.19(0.30, 7) 42.72(2.47,11) 44.59 42.08
log Lo, 111 (erg s™1) 43.72(0.71, 27) 43.57(0.47, 8) 44.33(0.57,4) 43.12 43.27 43.08
log Ly, 1 day (1 s7h 43.11(0.98, 23) 43.19(0.42,7) 43.86(0.41, 4) 42.98 .. ...
log Ey is0 (erg) 52.56(0.87, 105) 52.66(0.88, 17) 54.01(0.75,7) 50.81(0.74, 12) 51.83 52.59
0; (deg) 3.53(3.63,55) 4.73(3.20,9) ... 4.46(4.93,4) .. 0.99
0} lim (deg)® 9.19(6.34, 46) 10.68(6.36, 8) 7.65(2.95,4) 12.28(4.13, 5) 11.74 ...
log E, (erg) 49.73(0.71, 55) 50.30(0.64, 9) ... 48.31(1.03,4) .. 48.77
log E, jim (erg)* 50.20(0.80, 46) 50.36(0.74, 8) 52.04(0.49, 4) 48.99(0.79, 5) 50.15
log Ej (erg) 53.41(0.85,47) 53.52(0.43, 12) 53.69(0.44, 6) 52.40(1.09, 3) 53.05
n(%) 17.58(23.34,47) 19.94(19.15, 12) 64.80(22.53, 6) 6.06(4.63, 3) 5.69

Notes. Mean of the distributions of each parameter for the BAT, GBM, and LAT samples, separated into long and short bursts. Numbers in parentheses indicate
standard deviation and the number of objects in each parameter distribution. There is only one object in each of the GBM and LAT short burst samples.
2 Lower limits on jet opening angles and collimation-corrected y-ray energy output as shown in Figure 9.
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Figure 10. Kinetic energy (Ey) derived from the X-ray afterglow observations
at 11 hr as a function of the prompt emission isotropic equivalent y-ray energy
output (Ey jso). The dashed lines indicated different values of the radiative
efficiency (n). The LAT bursts tend to have high E, is, but average Ej, and
therefore higher values of 7 than the BAT or GBM samples.

(A color version of this figure is available in the online journal.)

decay, or lack of emission at time of interest (in this case 11 hr
in the observed frame). Of the 69 GRBs, 51 are from the BAT
sample, 12 from the GBM sample, and 6 from the LAT sample.

Our measured efficiencies for the BAT sample cover a similar
range and roughly agree with the statement from Zhang et al.
(2007) that given the above assumptions, most (~57%) of BAT
bursts have n < 10%. This statement is not true for the GBM
and LAT samples. In fact, only 25% of the GBM bursts have
n < 10%, and none of the LAT bursts have such low radiative
efficiencies. This suggests that GBM and LAT-detected GRBs
are on average more efficient at converting kinetic energy
into prompt radiation, which perhaps explains why they are
substantially brighter (higher fluence) than the BAT bursts with
similar afterglow luminosities. The LAT bursts are at the high

end of the E, j,,—FE; distributions with n > 40% for all LAT
bursts and n > 80% for three of the LAT bursts. These extreme
efficiencies may be unphysical and due to our assumptions of an
internal shock mechanism as is described in the fireball model
(Rees & Mészaros 1998; Mészaros 2002), a single value of
€., and €p, no appreciable Compton component, and a single
universal surrounding medium density.

We acknowledge that these differences in the distribution of
n are degenerate with differences in €., €, and the presence
of some IC component. We also caution that our estimations of
E, iso for the LAT bursts do not include the extra spectral power
law observed in several of the LAT bursts. However, that would
make 7 even larger, which perhaps suggests that it is the internal
shock model framework that is not valid.

4.2. Bulk Lorentz Factor

The bulk Lorentz factor (I') is a fundamental quantity needed
to describe the GRB fireball and therefore interesting to compare
for different populations of bursts. Unfortunately, it is also a
difficult quantity to accurately measure and there are several
methods for placing lower or upper limits on this quantity
depending on multiple assumptions.

The most common technique applied to the Fermi-LAT-
detected bursts (Abdo et al. 2009a, 2009¢; Ackermann et al.
2010) was originally derived by Lithwick & Sari (2001), using
the highest energy observed photon to place a lower limit on the
y-ray pair-production attenuation, setting a lower limit on T
This method assumes that the GeV and seed sub-MeV photons
are emitted from the same cospatial region and are produced by
internal shocks. It can produce extreme values of I' 2 1000 for
the LAT bursts. Zhao et al. (2011) and Zou et al. (2011) suggest
modifications for this calculation using a two-zone model that
assumes that the sub-MeV and GeV photons are produced at
very different radii from the central engine. This modification
lowers T' to approximately a few hundreds. R. Hascoét et al.
(2011, in preparation) also demonstrate that when carefully
calculating the pair-production attenuation taking into account
the jet geometry and dynamics, I is reduced by a factor of ~2.5.
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When no high-energy (GeV) observations are available, the
most common method to limit I' is to derive it from the
deceleration time of the forward shock that corresponds to the
peak time of the optical (Sari & Piran 1999; Molinari et al. 2007,
Oates et al. 2009; Liang et al. 2010) or X-ray (Liang et al. 2010)
afterglow light curves. Often one can only set upper limits on
the deceleration time because the peak must have occurred prior
to the start of the observations, corresponding to lower limits on
I, or be buried under other components.

There are additional alternative methods to determine I’
including putting upper limits on the forward shock contribution
to the keV-MeV prompt emission by looking for deep minima
or dips down to the instrumental threshold between peaks in
the prompt emission light curves (Zou & Piran 2010). The
typical values of these upper limits on I" are several hundreds.
Pe’er et al. (2007) describe another method that estimates I"
from the thermal component modeling in the prompt emission
spectrum using photosphere modeling. Zhang et al. (2003)
describe yet another method to estimate I" using early optical
data to constrain the forward and reverse shock components. The
latter two methods are worth further study, but the application
of them to the data presented here is beyond the scope of this
paper.

We apply the deceleration time of the optical light curves
technique to our sample for those GRBs with UVOT light curves
and measurements of £ (derived in Section 4.1). Unfortunately,
due to the lack of early observations of the LAT bursts, we cannot
apply this method to that sample. However, we collect estimates
of T" using the pair-production attenuation technique from the
literature, using the typical one-zone model from Abdo et al.
(2009a, 2009¢) and Ackermann et al. (2010, 2011), as well as
the two-zone estimates from Zou et al. (2011), and compare
these limits in Figure 11.

The different methods yield a wide range of I" for each burst
ranging from a few tens to more than 1000. However, many of
these results are upper or lower limits. The assumptions put into
each measurement and method about the geometry and nature of
the outflow have a strong influence on the results. If we believe
that the sub-MeV and GeV photons are generated in the same
cospatial region, and ignore the two-zone model estimates, the
lower limits on I" of the LAT bursts are nearly a factor of two
higher than the BAT and GBM bursts. Unfortunately, we do not
have high-energy observations of many of the BAT bursts, and
we do not have early optical observations of the LAT bursts;
therefore one should compare measurements of I' for these
different samples with caution.

A more careful detailed study of bulk Lorentz factor estimates
for the bursts in this sample would perhaps provide more insight
into concrete differences between the samples. This would
require detailed analysis of all of the prompt emission light
curves and spectra of the bursts in our sample, and this is beyond
the scope of this study.

It is also interesting to note that the high I" limits on the
LAT bursts are reminiscent of a structured jet model, such as
the two-component jet model where there is a narrow bright
faster core surrounded by a slow wider jet, with the nar-
row jet on-axis to the observer (Berger et al. 2003b; Huang
et al. 2004; Racusin et al. 2008). Liu & Wang (2011) ex-
plore this model using the broadband data on the LAT GRB
090902B and find an acceptable fit. Additional study of the
other LAT GRBs in the context of this model would be
needed to draw any stronger conclusions about the sample as a
whole.
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Figure 11. Estimates of the bulk Lorentz factors (I') using the four methods
described in Section 4.2 with different colors indicating method. The four
methods are referred to as yy: the pair-production attenuation method from
Lithwick & Sari (2001); #peak: the forward shock estimation from the optical
peak described by Sari & Piran (1999) and Molinari et al. (2007); ZP10: the
limit on forward shock contribution to the sub-MeV prompt emission described
in Zou & Piran (2010); and 2-Zone y y: the pair-production attenuation method
assuming the sub-MeV and GeV photons come from different radii as described
in Zou et al. (2011). A right-pointing triangle indicates a lower limit, a left-
pointing triangle an upper limit, and an asterisk indicates a measurement. These
measurements or limits are either from our own calculations (only fpeax method)
or from the literature. The bursts for which we could make measurements are
shown and separated into each of the BAT, GBM, and LAT samples.

(A color version of this figure is available in the online journal.)

4.3. Afterglow Luminosity Clustering

As mentioned in Section 3.4, the X-ray and UV /optical
luminosity distributions of the LAT bursts are narrower than
the GBM and BAT samples. There are several possible causes
or simply related dependencies, namely, the fact that a larger
fraction of the LAT bursts are in the synchrotron spectral
regime v > v, (83%) compared to the BAT and GBM bursts
(50%-60%), and that the LAT bursts have a narrow distribution
(in log space) of E, j,. The high radiative efficiencies of the
LAT bursts may be either another cause of the narrow luminosity
distribution or a consequence.

The region of luminosity parameter space fainter than the
LAT bursts could be limited by the lower detection limits of
the LAT instrument, and the ability to accurately localize only
the brightest of the LAT burst for Swift follow-up. Nearly half of
the LAT detections had position errors >0.5° radius, which was
simply not practical to initiate follow-up observations beginning
many hours or days after the triggers. In the future, if Swift
happens to simultaneously trigger on one of these fainter long
bursts with a marginal LAT detection and a fainter afterglow,
then we will know whether the luminosity clustering is only
limited on the bright end.
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4.4. Luminosity Function

In addition to the simple redshift distribution comparison, we
explore the luminosity functions of the different populations of
GRBs. We use the methods of both Virgili et al. (2009) and
Wanderman & Piran (2010), which apply different statistical
methods to constrain the luminosity function shapes for the
three samples. Simply due to instrumental selection effects,
the BAT, GBM, and LAT samples probe different regions of the
luminosity function. GRBs bright enough to trigger GBM will
be brighter on average than BAT-only bursts, because GBM is
less sensitive than BAT. The LAT GRBs have the highest fluence
of the GBM bursts, and given the similar redshift distributions
(Section 3.2) they are therefore also the most luminous.

The Virgili et al. (2009, 2011) method compares Monte Carlo
simulations of the full parameter space drawn from the full Swift
sample to the specific sample of interest, in order to be less bi-
ased by instrumental selection effects. Whereas the Wanderman
& Piran (2010) method does a more traditional fit to the observed
data assuming a single value for the various instrument sensi-
tivity levels, both methods find consistent results for the BAT
sample, fitting to a broken power law with slopes of 0.2 and 1.4
for the less and more luminous ends, respectively, and a break
luminosity of 10327 ergs~!. Within the substantial error bars,
the GBM sample resembles the BAT luminosity function, but
does not probe as faint. The limited LAT sample is even smaller,
and mostly brightward of the break luminosity. Therefore, it is
best fit by a single power law with slope of 0.3, shallower than
the post-break slope of the BAT and GBM functions. This shal-
low slope may suggest some differences in the parent population
of the LAT burst, or may simply be due to the complicated se-
lection effects of both LAT burst detection and the subset with
accurate enough positions to initiate follow-up. Perhaps with a
larger LAT sample this could be studied more thoroughly. The
bright end of the luminosity function of the BAT sample may not
be probed well enough to accurately constrain the shape of the
luminosity function, and therefore the LAT bursts are essential
tools for studying the most luminous GRBs ever detected.

4.5. Comparisons to Detailed Broadband Modeling

Several other recent papers (Cenko et al. 2011; McBreen
et al. 2010; Swenson et al. 2010) did detailed broadband
modeling of individual LAT bursts. Swenson et al. (2010) also
made comparisons of the LAT bursts to prompt emission and
afterglow parameters including prompt fluence and afterglow
luminosities, and found that the LAT bursts had higher X-ray
count rates than 80% of BAT bursts at 70 ks. Note that our
sample is different (only those with redshifts) and likely biased
toward optically brighter bursts, and we measure luminosities
rather than count rates. However, we agree (also with McBreen
et al. 2010) that the optical afterglows of the long LAT bursts
are in the top half of the brightness distribution.

We also agree with the aforementioned works that the LAT
bursts are some of the most energetic GRBs ever observed by any
instrument, and even with collimation corrections or limits on
the collimation, they remain extreme events. We do not clearly
detect any jet breaks in the LAT bursts using the XRT and UVOT
data alone, except for perhaps the short burst GRB 090510, as
discussed in Section 3.5. Both McBreen et al. (2010) and Cenko
et al. (2011) claim jet breaks for some of the LAT bursts, given
their ground-based deep NIR and radio observations, but most
are not well constrained. Clearly, more late-time deep broadband
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observations (both space and ground-based) are needed for the
LAT bursts in the future to constrain their total energetics.

5. CONCLUSIONS

We have systematically characterized the X-ray and
UV /optical temporal and spectral afterglow and prompt emis-
sion characteristics, energetics, and other properties of the GRBs
detected only by Swift-BAT, those detected by both Fermi-GBM
and Swift-BAT, and those detected by both Fermi-GBM and LAT
in order to understand the observational and intrinsic differences
between the burst populations. There are no significant differ-
ences between the BAT, GBM, and LAT populations in terms
of X-ray and optical temporal power-law decays at common
rest-frame late times, or spectral power-law indices, redshifts,
or luminosities. However, the distributions of luminosities are
much more narrow for the LAT and GBM samples compared
to the BAT sample. The LAT long burst sample is also more
luminous on average than the BAT sample, but within the same
distribution. There are significant differences between the pop-
ulations in terms of isotropic equivalent y-ray energies (E, is),
prompt emission hardness, and radiative efficiency.

While in many ways the late-time (~1 day) properties of
the LAT bursts are similar to their lower energy counterparts
observed by BAT, some mechanism fundamentally makes their
prompt y-ray production more efficient, or, conversely, sup-
presses their afterglows. As we collect more statistics on this
exciting subpopulation of GRBs detected by LAT, we can study
luminous and energetic extremes. Studying the afterglows of the
LAT burst, especially at early times, will also help us to under-
stand the additional components (extra spectral power law and
extended >100 MeV emission) observed in many of these LAT
bursts. Additional future simultaneous triggers between BAT
and LAT will provide more information on the early broadband
behavior of LAT bursts.

We gratefully acknowledge A. Fruchter, A. Pe’er, K. Misra,
and J. Graham for helpful discussions. We also thank the
anonymous referee for detailed comments.
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